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ABSTRACT 
The influence of carbon fibres on the crystallinity of Polyamide-6 was investigated in dependence of 
the cooling rate during crystallization. Therefore, X-ray diffraction profiles were recorded layer by layer 
from end quench test samples of Polyamide-6 and carbon fibre reinforced Polyamide-6. The formation 
of α-phase and γ-phase was quantified as function of the measurement depth and were correlated to the 
cooling rates estimated from the heat diffusion equation. With and without fibre reinforcements the 
results show a γ-phase dominated surface layer and a α-phase rich bulk structure. The presence of carbon 
fibres was found to increase the thickness of the surface layer and the amount of γ-phase. 
 
1 INTRODUCTION 
For processing of carbon fibre reinforced thermoplastics, thermoforming above the melting 
temperature of the polymer is a common technique. One approach to reduce process cycle times is an 
increase in cooling rate after the thermoforming process. Nevertheless, the temperature profile during 
crystallization of semicrystalline thermoplastics is critical for the formation of crystalline structures and 
thus the thermomechanical properties of the polymer. 
A critical aspect of understanding these processing-structure-property relationship of carbon fibre 
reinforced Polyamide-6 (CF/PA6) is the influence of carbon fibres on the development of microstructure 
within the matrix. Polyamide-6 (PA6) is a member of the family of semi-crystalline polymers and its 
microstructure consist of amorphous and crystalline regions. The crystalline fraction shows two 
polymorphs, typically referred to as α- and γ-phase. Both polymorphs crystallize under different thermal 
conditions and show different mechanical and thermomechanical properties. 
The α-phase of PA6 is the thermodynamically most stable form. It shows an equilibrium melting 
temperature of 260°C [1] and a specific heat of fusion of 241 J/g [2]. Chain segments are fully extended 
and hydrogen bounds locate within the same plane [3]. The α-phase is obtained from the liquid state by 
slow cooling [4, 5] or isothermal crystallization at temperatures above 190°C [6]. At low crystallization 
temperatures or high cooling rates the γ-phase is the preferred crystalline phase. It is a metastable form 
which converts under annealing conditions into α-phase [7]. It has extended chain segments but its 
hydrogen bonds are not restricted to a single plane [3]. At cooling rates above 100 K/s [5] – 150 K/s [8] 
crystallization does not occur and PA6 remains in amorphous state. 
The mechanical properties of both polymorphs differ with respect to their modulus, hardness and 
fracture behaviour. The α-phase shows a higher modulus [9] and hardness [10] whereas the γ-phase 
shows ductile failure behaviour [11]. 
The modulus of Polyamide-6 in general can be improved substantially by reinforcing carbon fibres. 
Beside the properties of Polyamide-6 and carbon fibres, the interaction between both constituents 
defines the macroscopic properties of the composite. It is well known from literature, that carbon fibres 
may influence the crystallization of semi-crystalline polymers because they act as nucleation sites [7, 
12]. The nucleation at carbon fibres may lead to transcrystalline layers as shown by Bessel for 
Polyamid-6 [14]. As shown by Fornes [15] for clay/Polyamide-6 and by Feng [16] for CF/PA6 the effect 
of nucleation sites depend strongly on nucleation site density and crystallization conditions. High 
nucleus concentration may hinder the crystallization process or induce phase selective crystallization. 
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Purpose of this study is to investigate the crystallinity as function of the cooling rate in PA6 and its 
carbon fibre reinforced composite. Therefore, PA6 and CF/PA6 samples are quenched from the liquid 
state and their crystallinity is determined using X-ray diffraction (XRD). The local cooling rates are 
estimated solving the heat diffusion equation. 
 
2 EXPERIMENTAL 
2.1 Material and sample preparation 
Polyamide-6 (PA6) and carbon fibre reinforced Polyamide-6 (CF/PA6) samples were prepared using 
Polyamide-6 pellets supplied by Sigma Aldrich. The pellets were dried at least for 24h at 80°C in 
vacuum before processing. Carbon fibres (Sigrafil C30T050 EPY) supplied by SGL Carbon were used 
in a unidirectional layup for the CF/PA6 samples. 
The PA6 sample was prepared melting the PA6 pellets in an aluminium foil box at 235°C in nitrogen 
environment. Subsequently, one side of the molten sample was cooled using a -18°C cold steel plate. 
This side will be further addressed as quenched side. The other side was insulated by a 1mm copper 
plate and cooled to ambient temperature in air (normal conditions). 
Carbon fibres were impregnated with PA6 using a heating press at 235°C and a pressure of 1bar. The 
so obtained fibre reinforced laminates were quenched as described above for the PA6 sample. 
For XRD measurements the samples were embedded in cold-setting epoxy resin. The samples were 
grinded gradually from the quenched side to collect an X-ray diffraction depth profile. 
 
2.2 X-ray Diffraction 
X-ray diffraction measurements have been performed using a Seifert XRD 3003 TT powder 
diffractometer with Ni-filtered Cu-Kα radiation. The diffraction profiles were collected in steps of 0.02° 
between 5° and 45° using a Meteor1D detector. 
A multi-parameter fit procedure was applied to separate the contributions of α-, γ- and amorphous 
phase of PA6 from the diffraction profiles. Therefore, peak functions (Pearson-VII) for α1, α2, γ, and an 
amorphous peak were fitted to the diffraction profiles of PA6 using the Levenberg-Marquardt algorithm. 
An additional peak representing the contribution of carbon fibres was added in case of CF/PA6. The 
peak shape representing carbon fibres was obtained from a measured diffraction profile of neat carbon 
fibres under identical conditions as for the laminate. 
The phase fractions of α-, γ- and amorphous phase was evaluated using the relative peak areas. 
Typical results for the fitting procedure are shown in Fig. 1(a) for PA6 and Fig. 1(b) for CF/PA6, 
respectively. 
 
(a) PA6 (b) CF/PA6 
Figure 1: Result of multi-parameter fit procedure for quantification of individual phases from 
diffraction profiles. 
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3 RESULTS 
3.1 Depth profiles 
Diffraction profiles of PA6 are shown in Fig. 2(a) for different measurement depths, whereas the 
depths are measured relative to the quenched surface. All diffraction profiles show a broad peak at 21.5°, 
which represents the amorphous contribution. With increasing measurement depth a growing 
contribution of a peak at 21.2° can be observed, which overlays the amorphous peak. This peak is related 
to the γ-phase. At a measurement depth of 0.63 mm the appearance of a shoulder at around 23° indicates 
the presence of the α-phase. At a measurement depth of 1.91 mm the diffraction profile is dominated by 
a two-peak structure, which is typical for a sample with high α-phase fraction. 
The results from the fitting procedure of the XRD profiles are shown in Fig. 2(b). As expected the 
amorphous phase fraction is at its maximum at the quenched surface. The amorphous fraction decreases 
gradually with increasing measurement depth from 95% to 64% at 1.91 mm. Up to ca. 700 µm the 
γ-phase is the dominating crystalline phase with a maximum fraction of 8%. Afterwards the α-phase 
starts to dominate and replaces the γ-phase completely at a depth of ca. 1 mm. The phase fraction 
increases up to 36% at the maximum measurement depth of 1.91 mm. 
 
(a) diffraction profiles of PA6 (b) phase fractions of PA6 
Figure 2: Diffraction profiles and phase fraction of the PA6 sample as function of the measurement 
depth. 
 
Fig. 3(a) shows the diffraction profiles of CF/PA6. In comparison to the diffraction profiles of the 
pure PA6 an additional peak at 25.3° can be observed which indicates the presence of carbon fibres. 
Apparently the intensity of the carbon fibre peaks varies with measurement depth. This indicates a 
varying fibre volume fraction which has its minimum at 0.9-1.1 mm. The dominating carbon fibre peak 
is superimposed by the PA6 peaks. In analogy to the PA6 sample one can observe a peak at 21.3°, which 
indicates a presence of γ-phase at low measurement depth and a two-peak structure with increasing 
measurement depth which indicates a development of the α-phase. 
The analysis of the diffraction profiles reveals a similar behaviour of CF/PA6 as found for the pure 
PA6: the amorphous phase fraction decreases gradually with increasing measurement depth from 95% 
to a minimum of 86% at a maximum measurement depth of 2.08 mm. The predominant crystalline phase 
up to 1.9 mm is the γ-phase with a maximum phase fraction of 15% at a measurement depth of 1.49 mm. 
In the core region of the sample the α-phase fraction replaces the γ-phase and is predominantly found at 
a depth of 2.08 mm. 
  
 T. Guglhoer, M. Korkisch and M. G. R. Sause 
(a) diffraction profiles CF/PA6 (b) phase content CF/PA6 
Figure 3: Diffraction profiles and phase fraction of the CF/PA6 sample as function of the measurement 
depth. 
 
In contrast to earlier studies of Brucato et al. [4] the amorphous fraction shows a maximum at the 
surface of the sample. This indicates the effectiveness of the cooling mechanism. In addition, a 
nucleating effect of the steel plate surface can be excluded. The development of a γ-phase at the surface 
of PA6 samples is well known from injection-molding. Murthy et al. [17] describe the transition from 
γ-phase to α-phase at the surface and refer to it as skin-core morphology. Depending on the processing 
conditions the skin layer may have a thickness up to 1 mm. The skin layer in the prepared PA6 sample 
has a thickness of ca. 700 µm, whereas CF/PA6 shows a thickness of ca. 2.0 mm. 
 
3.2 Cooling rate dependence 
To estimate the cooling rates as function of the measurement depth the heat equation was solved 
numerically in 1D according to the boundary conditions used in the sample preparation. An overview 
of the geometrical configuration and the involved temperatures is given in Fig.4. The material properties 
used are reported in Table 1. It is noteworthy that the thermal conductivity of unidirectional CF/PA6 is 
highly anisotropic and, therefore, the conductivity perpendicular to the fibre direction was used as 
estimation for the present configuration (cf. Fig. 4). Perfect thermal contact between sample and copper 
was assumed and the heat of crystallization was neglected. 
 
 
Figure 4: Boundary conditions for cooling rate estimation 
 
Fig. 5 shows the estimated temperature profiles at the measurement depths for PA6 and CF/PA6, 
respectively. The cooling rates inside the CF/PA6 sample are higher compared to the PA6 sample, due 
to an increased thermal conductivity of CF/PA6 compared to PA6. Following the example of Brucato 
[18] and Cavallo [5] cooling rates at specific measurement depths are determined for a temperature of 
135°C. For the present experimental setup, we expect a cooling rate in the range between 2.8 K/s and 
180 K/s in case of PA6, and between 12 K/s and 1000 K/s in case of CF/PA6. 
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Material property  PA6 CF/PA6 Copper 
Heat capacity [J/kg/K] 1700 1070 385 
Density [kg/m³] 1150 1345 8700 
Thermal conductivity [W/m/K] 0.25 1.0 400 
 
Table 1: Material properties used for cooling rate estimation. 
 
Fig. 6 (a) shows the crystallinity of PA6 in dependence of the estimated cooling rates. At cooling 
rates below 20 K/s the α-phase dominates. Maximum phase fraction is 36% at a cooling rate of 2.8 K/s 
but a plateau is not reached, yet. At cooling rates above 15 K/s the contribution of the γ-phase increases 
and reaches its maximum value at a cooling rate of 30 K/min. A pure amorphous layer is not generated 
with cooling rates up to 180 K/s. In comparison the phase contents of CF/PA6 is shown in Fig. 6 (b). At 
cooling rates below 12 K/s most of the crystalline fraction contributes to the α-phase. At higher cooling 
rates γ-phase is the preferred crystalline fraction. The γ-phase shows a maximum content of 18% at a 
cooling rate of 30 K/s. To produce purely amorphous CF/PA6 cooling rates above 400 K/s are necessary. 
The results for PA6 correlate well with findings of Brucato et al. [4] who investigated the cooling 
rate dependence of the crystallinity in PA6 and found a critical transition area between α- and γ-plateau 
at a cooling rate value of 10 K/s. Kolesov [8] demonstrated in Flash-DSC experiments a steady decrease 
of crystallization enthalpy between 0.01 K/s and 200 K/s which indicates a decrease in crystallinity from 
36% (based on a 100% crystallization enthalpy of 241 J/g) to 0%. This indicates that cooling rates up to 
150-200 K/s are necessary to produce pure amorphous PA6.  
The presence of carbon fibres increases the crystallinity of PA6 slightly at cooling rates between 
10 K/s and 100 K/s. This effect is also observed in literature: Feng [16] indicates an increased 
crystallinity of CF/PA6 and concluded that carbon fibres may work as nucleation agents. At high cooling 
rates above 100 K/s the crystallinity of neat PA6 and CF/PA6 is similar. A reduced influence of nano 
clay as nucleation agent was found by [15] for high cooling rates as well. An α-phase rich core region 
was not observed in the sample because of the higher thermal conductivity of CF/PA6. Nevertheless the 
results indicate that there is a likelihood that at lower cooling rates an α-phase may occur. 
 
(a) PA6 (b) CF/PA6 
Figure 5: Estimated temperature profiles at the investigated measurement depths. 
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(a) PA6 (b) CF/PA6 
Figure 6: Phase content of PA6 polymer in neat and carbon fibre reinforced samples as function of the 
estimated cooling rate at 135°C. 
 
Therefore, the presence of carbon fibres may induce a strong skin-core morphology of CF/PA-6 
samples in general: a strong increase in thermal conductivity leads to increased cooling rates at the 
surface during solidification and with this to a high γ-phase fraction. And the nucleation effect of carbon 
fibres at low cooling rates, which was observed by [16] leads to an increased α-phase fraction in the 
core region of a CF/PA-6 specimen. 
 
4 CONCLUSIONS 
The results of this study show the influence of carbon fibres on the crystallinity of Polyamide-6 at 
different cooling rates. Carbon fibre reinforced Polyamide-6 shows increased γ-phase fractions at 
cooling rates of ca. 30 K/s but only slight increase in the total amount of the crystalline fraction. At 
higher cooling rates the influence of carbon fibres on the crystallinity of Polyamide-6 is negligible. 
Nevertheless, at moderate cooling rates the fibres may increase the metastable γ-phase fraction due 
to an increased thermal conductivity at cold surfaces. Therefore, a strong skin-core morphology would 
be expected for processing conditions similar to injection molding. Compared to neat Polyamide-6 the 
skin layer in the CF/PA-6 used in this study was found to increase by a factor of three. 
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